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ABSTRACT 
The fatigue crack propagation (FCP) response of a cast and an 
extruded aluminum alloy was examined as a function of mean stress 
and specimen orientation.  The extruded alloy was tested in both 
the longitudinal and transverse orientation and no difference in 
FCP response was noted.  FCP tests were conducted at R ratios of 
0.1, 0.5, 0.65 and 0.8.  In the threshold regime, it was seen 
that as R ratio increased, AK,  decreased.  In addition, Alw. 
values determined for the cast alloy were superior to those 
determined for the extruded alloy at all R ratios examined.  The 
threshold regime was also shown to be K,AY rather than AK 
dependent.  At intermediate AK levels, a mean stress effect was 
seen for both alloys at R ratios less than 0.5.  Crack closure 
was monitored during testing so that AIC,™ values could be 
determined.  AK^^ was seen to explain mean stress effects at 
intermediate AK levels. 
Extensive electron fractographic studies were conducted on 
the fatigue fracture surfaces using both scanning and transmission 
electron microscopy.  The threshold micromorphology revealed crisp, 
cleavage-like facets.  Striation spacing measurements at inter- 
mediate and high AK levels were obtained to determine microscopic 
growth rates; these measurements were seen to vary with R ratio 
and were best correlated with AIC,FF rather than AK.  Slope changes 
1 
in the da/dN - AK plots were identified and attempts made to 
establish correlations between the associated plastic zone sizes 
and micros true tural dimensions.  Of particular note, a stage Ha 
to lib transition in the extruded material was found to correspond 
to a micromechanism change from faceted growth to striated growth 
when the reversed plastic zone size was similar to the subgrain 
size . 
INTRODUCTION 
The application of fracture mechanics concepts to the design 
of engineering structures is receiving increased attention, par- 
ticularly with respect to an analysis of a component's fatigue 
crack propagation (FCP) behavior.  In this regard, it has been 
clearly shown that the stress field around the crack tip, described 
by the stress intensity factor K, controls the fatigue cracking 
process as well as ultimate fracture.  The stress intensity factor 
is defined by: 
K = Y a/"a" (1) 
where Y = shape factor depending on crack location and specimen 
geometry 
a  =  applied stress 
a = flaw size 
To a first approximation, it has been found that the rate of FCP 
can be related to the magnitude of the crack tip stress intensity 
factor range with an equation of the form [l]: 
da 
where —-  = fatigue crack growth rate dN       °        a 
&K = stress intensity factor range 
A,m = material parameters which depend on environment, 
frequency, temperature, mean stress and material 
properties. 
By   integrating  Equation  2,   it   is   possible   to  determine   the   fatigue 
life   of  an  actual   component   or   laboratory   sample,   once   the   parame- 
ters  A  and  m are   determined   from   laboratory  experiments.     However, 
it   should  be   recognized   that  Equation   2  does  not  always   describe 
FCP behavior   over   the  entire   range   of  possible   growth   rates-     At 
low  AK  levels,   for   example,   crack  growth   rates  are   often  found   to 
decrease   to  a vanishingly   small value   as   the  associated  AK   level 
decreases   to an asymptotic   limit,   referred  to as   the   threshold 
stress   intensity   factor range   (AIC,„);   in  this  regime,   the  exponent 
m  in  Equation  2   is   observed   to  increase   sharply   (Figure   1).     At 
high  AK  levels,   crack  growth  rates   increase  greatly  as  K^.     aP~ 
proaches  K     for   the material  [2];   again,   the  exponent m  in Equa- 
da tion  2   is   seen   to  increase.    Thus,   the — -  AK plot   for  a  given 
material  takes   on  a   sigmodial   shape,  with   the  fatigue   life,   computed 
by  Equation  2,  being  dependent   on   several  sets   of A  and  m values, 
corresponding   to  the  different  growth  rate  regimes.     It  is  neces- 
sary,   therefore,   to completely  characterize   the  entire  FCP behavior 
of  a material  in  order   that meaningful   fatigue   life  calculations 
can be made. 
Many  fatigue  crack propagation  studies  have  been  conducted   on 
various   steels  and  aircraft-grade wrought  aluminum and   titanium 
alloys,   though   little  work has   been  done   on   cast   or   extruded  alumi- 
num  structural  alloys--the   subject materials   in   this   investigation. 
Several  researchers have  reported   that  fatigue   threshold values, 
AK     ,   in  ferrous  and non-ferrous  alloys   increase  with  decreasing TH 
AK TH 
Log      AK 
Figure 1.  Diagram showing three regimes of fatigue crack 
growth response. 
yield   strength   and   increasing  grain   size   [3-6];   it  has   also  been 
shown   that  A^,, values   for  a   given  material   increase   with  decreasing 
%1IN 
stress ratio R (= 7; ) 16,8-111.  Thus, significant errors in life kMAX     " 
prediction   can  be   made   unless   the   influence   of   these   and   other 
variables   on  a  material's   FCP   threshold  behavior  are   taken   into 
account. 
At   growth   rates   greater   than   that  associated with  &IC,H,   the 
concept   of  crack   closure  as   proposed by  Elber  [12,13]   has  been  used 
to account  for   the   observation  that FCP rates   tend   to  increase with 
increasing mean  stress   level.     Elber   theorized   that  residual   ten- 
sile  displacements,   introduced  as   a  result   of   fatigue-induced 
plastic  damage,   cause   interference  along   the  crack  surface   in   the 
wake  of  the  advancing  crack  front;   such   interference   is believed   to 
be  responsible   for  crack  closure  above   the minimum applied   load 
level [14].     The  stress   intensity   level corresponding   to  the  point 
where   the  opposing  crack  surfaces  are  no  longer  in  contact has been 
defined  as   the   K  opening   (K„p)  value.     Damage   sustained  at   the 
crack  tip   is   then  attributable   to an effective   stress   intensity 
range,   AK_        (~\\&y  ~   Knp^'  wn^-c^  represents   the   stress   intensity 
range  associated with  a   fully  opened  crack.     Since K       varies  with 
K. A     and hence with  changing R values  at a  given  ^K level [15-18], 
AIC,       could account   for   the  influence   of mean  stress   on  fatigue 
crack growth  [15,19,20]. 
Others,   however have   shown   that  closure  concepts   cannot  always 
explain mean  stress  effects  [17,21-23].     For  example,   several 
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materials exhibit a mean stress effect on fatigue crack growth at 
R ratios where no closure is observed [22].  As a result, some 
investigators have concluded that closure concepts can only be 
applied for the case of plane stress conditions [21] where tensile 
displacements are large and at low and intermediate R values [22]. 
Recent studies have suggested that part of the controversy sur- 
rounding the use of crack closure measurements in FCP tests, is 
due to uncertainties associated with the appropriate measurement 
method.  For example, Clerivet and Bathais [21] observed that the 
amount of crack closure varied across the thickness of the test 
specimen.  They noted that crack opening occurred first at the mid- 
thickness of the test specimen, where plane strain conditions tended 
to dominate, and last at the specimen surfaces where plane stress 
conditions prevailed.  Thus, a bulk specimen technique for measuring 
K  , such as the electropotential method, will show a lower closure 
value than that determined from a surface gage mounted near the 
crack tip. 
Numerous studies have shown that the macro- and microscopic 
features of a fatigue fracture surface can often be interpreted in 
terms of the stress conditions at the advancing crack tip. To 
illustrate this point, it has been shown that the fatigue fracture 
surface micromorphology changes with the prevailing AK level [26]. 
For example, replicas of the threshold regime in aluminum, copper, 
titanium, and nickel alloys, when viewed in the transmission elec- 
tron microscope, reveal a highly faceted and cleavage-like appear- 
7 
ance .  At intermediate &K levels, fatigue striations are the 
dominant fracture surface feature.  Since fatigue striations repre- 
sent the increment of crack advance with each loading cycle, the 
striation spacing represents the local microscopic growth rate. 
The correlation between macroscopic growth rates, and the associ- 
ated striation spacings, at the same 4K levels, is sometimes quite 
good [27,28].  In addition, a relationship between striation spacing 
and AK has been developed by Bates and Clark [28] where: 
AK 2 
striation spacing ~ 6 (—) (3) t, 
and    E = modulus of elasticity 
AK = applied stress intensity factor range 
When Equation 3 is modified using AK^PF rather than ^K, it is seen 
that data at various R ratios are in better agreement [29].  On 
numerous occasions, Equation 3 has been found to be most useful in 
a given failure analysis since it enables the investigator to esti- 
mate the stress intensity level based on the striation spacings 
observed.  Finally, at high £sK levels, corresponding to high crack 
growth rates, a variety of microscopic surface morphologies are 
observed due to the complex nature of crack advance as IC .  ap- 
proaches K  for the material; a mixture of microvoid coalescence, 
ductile tearing and small patches of striations are often seen in 
this crack growth regime. 
These changes in fracture surface micromorphology, which re- 
flect transitions in the operative fatigue micromechanisms, often 
affect   the   macroscopic   growth  rates,   as   well.      In   titanium alloys, 
da 
for example, the observed change in slope in the ~ - AK plot at 
relatively low AK levels was identified with a micromechanism 
transition from faceted growth to striation formation [30-33]; 
hence, a  structure-sensitive to structure-insensitive transition 
was responsible for the slope change.  This transition in titanium 
alloys was found to occur when the height of the cyclic plastic 
zone was equal to the average dimension of the WidmanstHtten packet 
size.  Besides the microstructural unit size, test temperature, 
environment, and frequency have also been found to influence frac- 
ture mechanism transitions in titanium and iron alloys [34]. 
The objectives of this study are to examine the FCP behavior 
of a cast and extruded aluminum alloy from threshold stress inten- 
sity conditions to final fracture and to correlate the loading 
conditions with the fatigue fracture surface morphology observed on 
both the macroscopic and microscopic level.  As part of this study, 
the effect of loading direction on FCP resistance is explored in 
the extruded alloy.  Also, the effect of mean stress on FCP response 
is examined with emphasis placed on utilizing crack closure measure- 
ments in the analysis of the FCP data and related fracture surface 
micromorphology. 
EXPERIMENTAL  PROCEDURES 
Ma ter ial 
A  cast   and   extruded  aluminum alloy,   supplied by   Swiss  Alumin- 
ium  Ltd.,   was   investigated.     The   chemistries   and  mechanical  prop- 
erties   of  these  alloys  are   presented   in Tables   1  and   2,   respec- 
tively.     Alloy AF42 was   sand-cast  in a vertical mold  at  a   temper- 
ature   of  740  C and   then  given   the   following   thermal   treatment: 
515  C  for   2 hours 
530°C  for   12  hours 
water quench 
175  C  for  6% hours 
Alloy AC062/61 was  extruded with  an extrusion  exit   temperature   of 
520-580  C.     The  extruded  piece was   then water  quenched  and  annealed 
for   14 hours  at   160  C. 
Fatigue  Crack  Propagation   (FCP)   Testing 
-8 -3 
Fatigue  crack growth rates   from 5  x  10       to above   1 x  10 
mm/cycle were   obtained  in  ambient  environment  using MTS  electro- 
hydraulic   closed   loop   test machines.     These   tests were  conducted 
at Del  Research Laboratories  under   the  direction  of Messrs.   Keith 
Donald  and  George Miller.     WOL specimens   (Fig.   2)  were   used   for 
all   tests.     An automated   test  system  utilizing a  PDP-8e  computer 
and  a modified MTS  433.21   interface   for  data  acquisition and 
machine   control was   used   to  obtain  the  required  crack  growth  rate 
10 
TABLE 1  Chemical Compositions 
Alloy    Si    Fe    Cu   Mn   Mg    Cr    Zn    Ti    Al 
AC062/61  0.63  0.21  0.17  0.03  0.54  0.11  0.08  0.01 balance 
AF42     0.07  0.14  5.0     0.01     -    0.03  0.24 balance 
TABLE 2 Mechanical Properties 
Yield Strength Tensile Strength 
MPa    ksi    MPa     ksi 7o  Elongation 
AC062/61 (LL,LH)a 326 47.3 35 7 51.8 11.3 
AC062/61 (QL,QH)a 297 43.1 332 48.2 12.4 
AF42 211 30.6 279 40.5 4.6 
LL =longitudinal (10 mm); LH = longitudinal (18 mm) 
QL = transverse (10 mm); QH = transverse (18 mm) 
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WOL   SPtCIMEN 
DIMENSIONS   IN:      mm   (Inches) 
s  See   Note 
13.97   +.25 
(0.550   +.010) 
13.97   +.25 
(0.550  +.010] 
y 
12.7 
,.500 
8   Ha 
25   Ma 
( 
u
   -.00 
-0* +.002, -.000J X x) 40°   Angle 
/ 
~> r 
45.47 +.25 
-0 
i 
I 
(1.790 +  .010) 
31 .50   +.25 
(1 .240   +.010; 
31 .50   +.25 
(1 .240   +.010/ 
54.77 +.25 
12.550 +_.010)~ 
81.28 +   .25 
(3.200 + .0107 
Note:     Thickness 
a) Conventional  -— Tests: dn 
THICKNESS:      18   + 0.25  urn   (0.709   + 0.01   in.) 
b) £k'  "ilire.shold   Tests': 
THICKNLSS:      10  + 0.25  mm   (0.394   + 0.01   in.) 
Figure 2.  Dimensions of test specimen used for generation of 
fatigue crack propagation data. 
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data. Crack length was monitored continuously by using the elas- 
tic compliance technique thereby enabling the stress intensity to 
be controlled according to the equation [35]: 
K = K  exp [C(a - a )] (4) 
where K  = initial cyclic stress intensity corresponding to 
initial crack length a 
o 
a = current crack length 
C = constant with dimensions   1/length 
Low growth rate data to below 1 x 10  mm/cycle were obtained 
using 10 mm thick WOL specimens at a test frequency of 125 Hz. 
The value of the K-decreasing parameter (C) was -.059/mm for the 
first part of these tests.  After attainment of desired low 
growth rates or crack arrest, specimens were then cycled to fail- 
ure under K increasing, constant amplitude loading conditions. 
This procedure provided an overlap of growth rate data on a single 
sample and thus served as a check on the K-decreasing portion of 
the test. 
_3 
High growth rate data to above 1 x 10  mm/cycle were ob- 
tained using 18 mm thick WOL specimens at a test frequency of 
10 Hz.  For these high growth rate tests, a K increasing parameter 
value between 0.35 mm and 0.69 mm was chosen, depending on the 
load ratio of the test, in order to yield a uniform rate of change 
in crack growth velocity with increasing crack length [36]. 
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For   the  WOL  specimen   (H/W   =  0.486)   the   following   relationship 
was   used   to  determine   a/W  as   a   function   of -^—   (applicable  with 
the   deflection  measurement  made   19-69 mm   from   the   load   line   toward 
the   front  edge   of   the   specimen): 
a/W  =   1.00195   -  5.0335(u)   + 37.4118(u)   -   703.367(u) 
+ 4554.8(u)   -   9528.80(u) 
where u  =    £  
+ 1 CF-E-vB   
2 
and     a = crack length 
W = specimen width 
B = specimen thickness 
v = specimen displacement 
E = modulus of elasticity 
P = applied load 
CF = compliance adjustment factor 
A double cantilever clip-in displacement gage was used to monitor 
crack opening displacements.  Roller bearings were used in a pin 
loaded clevis to minimize load-displacement hysteresis due to 
rotational pin friction.  A ten power calibrated grid microscope 
was used for visual verification of the compliance measured crack 
length. 
The stress intensity solution for the WOL specimen is based 
on the following relationship: 
14 
K  = ~7=- •  ^ryr [ .8072  + 8.858(a/W)   -   30.23(a/W)Z 
B/W
        (l-a/W)3/2 
+ 41.088(a/W)3   -   24.15(a/W)4   + 4.951(a/W)5] 
Fatigue   crack  growth  rates  were   obtained   from  crack   length 
versus   cyclic   life   data with   a modified   secant method  where: 
,da_s        _     i+1 i-1 
MN     1       N. ,,   - N.   . l+l i-l 
During FCP testing, an oscilloscope display of a "cancelled" 
load versus displacement curve was monitored to determine at what 
fraction of maximum load the crack was fully open.  This was done 
by electronically subtracting from the raw load versus displace- 
ment curve a straight line equal in slope to that portion of the 
load vs. displacement curve above crack closure.  This allows the 
use of a more sensitive displacement scale and permits a more 
accurate determination of the closure level than would be possible 
from observing the raw load versus displacement curve. 
Fractography 
Though some general studies were conducted with a scanning 
electron microscope, most of the fractographic examinations of the 
fatigue fracture surfaces were performed by viewing two stage 
(cellulose acetate-carbon) chromium-shadowed replicas in the trans- 
mission electron microscope.  The chromium shadow was deposited at 
15 
approximately a 40  tilt from the plane of the fatigue surface 
and in the crack propagation direction.  This shadow greatly en- 
hanced the contrast of the replica and was used to reveal the 
local crack propagation direction. 
To limit variation in AK and the associated fatigue striation 
spacing across the replica, the replica size was restricted to 
1 mm along the fatigue fracture surface in the crack propagation 
direction.  To further limit the variation in AK and associated 
striation spacing at different crack length locations, high growth 
rate samples were tested at a constant K-gradient as described 
earlier.  This resulted in a constant AK change of approximately 
7%  across 1 mm of fatigue fracture surface.  Approximately 3 mm 
wide replicas were selected from the mid-thickness section of the 
test specimens.  Thus, a rectangular replica was used, having 
dimensions of 1 mm in the fatigue crack growth direction and 3 mm 
along the fatigue crack front. 
Fractographic observations were made using a Philips EM 300 
transmission electron microscope (TEM) which was operated at an 
accelerating potential of 80 KV.  A goniometer stage was used to 
enhance replica contrast when necessary and to note changes in 
striation widths as a function of replica orientation relative to 
the electron beam.  The replicas were inserted in the goniometer 
stage so that the long dimension (3 mm) coincided with the axis of 
tilt.  This insured that the replica would tilt around an axis 
normal to the nominal fatigue crack growth direction. 
16 
Microscopic growth rate data were obtained by counting the 
number of parallel striations within a 4 cm diameter circle 
located on the viewing screen of the EM 300.  Whenever possible, 
readings representing more than 10 striations per diameter were 
recorded.  'Hie striation spacing data were gathered along the 
1 mm dimension of the replica and thus the spacings would be 
expected to vary due to the variation in AK along the replica. 
Since the AK gradient represented a TL  change in AK along 1 mm 
of fracture surface, the Bates and Clark equation [28] predicts a 
147<. variation in striation spacing along the same 1 mm distance. 
At least 15 separate locations per replica were used to obtain 
the average microscopic growth rate for the 1 mm crack extension 
examined. 
Most striation spacing readings were taken at 0  tilt on the 
goniometer.  At times, it was necessary to use goniometer tilt to 
enhance the contrast of the striations for the purpose of making a 
width measurement.  In these cases, a tilt correction was added to 
the striation spacing calculation [see Appendix A - Effect of 
Replica Tilt on Striation Spacing]. 
Crack profiles of the extruded alloy in the longitudinal and 
transverse orientations and of the cast alloy were prepared from 
R = 0.1 samples.  The high growth rate (thick) specimens were 
examined at the mid-thickness region.  Prior to sectioning, the 
fatigue fracture surfaces were plated, using an electroless nickel 
solution, and mounted in diallyl phthalate to increase edge 
17 
retention.  Specimens were polished using normal metallographic 
techniques and etched with Keller's reagent. 
EXPERIMENTAL RESULTS AND DISCUSSION 
Fatigue Crack Propagation Data 
Fatigue crack propagation data in the form of da/dN-^K plots 
were determined for the cast and extruded alloys from threshold 
to final fracture at R values of 0.1, 0.5, 0.65 and 0.8.  The ex- 
truded alloy was tested in both the longitudinal and transverse 
orientations.  These results are shown in Figure 3a,b,c for each 
material (i.e., longitudinal, transverse and as cast) at each R 
ratio, while Figure 4a,b,c,d shows the data cross-plotted to 
reveal the relative rankings of the material at the R values 
examined.  High growth rate (thick specimen) tests were also con- 
ducted in the longitudinal orientation at R = 0.05, 0.2, 0.3 and 
0.4; these additional data are shown in Figure 5. 
On examining the data, it should be noted that neither test 
frequency nor specimen thickness appeared to have any influence on 
crack growth behavior.  The overlapping portion of data correspond- 
ing to tests conducted with 10 mm thick specimens at 125 Hz are in 
good agreement with results from 18 mm~~thick specimens tested at 
10 Hz.  Also note in Figure 4a,b,c,d that the extruded material 
revealed very little orientation effect except for some small 
deviations at both growth rate extremes at the higher R values. 
Threshold 
^Bw, values were determined for all materials from the lc .ow 
growth  rate   data  by   first   establishing a  best-fit   line   through   at 
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(c)   cast  alloy. 
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Figure 5.  Fatigue crack propagation response of extruded alloy, 
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_ o n 
least five data points between 5 x 10  and 5 x 10   mm/cycle, and 
then defining AK™. as the AK level associated with a FCP rate of 
_7 
1 x 10   mm/cycle from the fitted  line.  At low R ratios, crack 
growth terminated before the desired low growth rates could be 
obtained.  In such cases, AIC,,, values were arbitrarily defined by 
the AK level associated with crack arrest.  Threshold data are 
presented in Table 3; values marked by an asterisk (*) are those 
AIL, values estimated from crack arrest. 
The data in Table 3 reveal that AK   decreased with increasing TH 
R  value.     Such  behavior  has  been   observed   in   other materials   [6, 
8-11]  and  has   resulted   in   the  development   of a number   of empirical 
relationships  between  AIC,„  and R.     One  such  relationship  proposed 
by Klesnil  and   Lukas  [37]   is  given by: 
A
«TH  =   (1"R)V  ^H(O) <4) 
where       Alw,,   ,   = A*w  corresponding  to R=0 
Y  = material  parameter 
Values   of y  in   several  materials  and  uncontrolled  environments 
have  usually  fallen  in   the  range  of  0.25   to   1.0.     More   specifically, 
Cooke  et  al.   [38]   found   that   the   influence   of mean   stress   on   AK 
was  directly  related   to  the   test  environment  for   the materials 
they examined.     Figure   6  presents   the   log-log plot  of   the  AK TH 
versus   (1-R)  data  and   the y values  associated with  each material, 
using a best-fit   straight   line   through   the data.     In   the   limit 
when v   is  approximately  equal   to  one,  Equation 4  can be  written as: 
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TABLE 3 
AK  Values (MPa/m 
Extr uded 
As Longitudinal Transverse Cast 
R = 0.1 4.26*       , 
4.27 
4.44* 
3.871 
3.61* 
4.321 
4.49* 4.12* 4.86* 
R= 0.5 2.51* 
2.72 
2.27* 
2.471 
3.44* 
2.761 
2.69* 2.46* 3.41 
R = 0.65 1.73*   2.171 1.86* 1.971 2.38* 2.201 
R = 0.8 1.17 
1.57 
1.40 
1.431 
1.69 
1.591 
1.19 1.44 1.66 
R = 02 4.72 4 28 4 .78 
* AKrr,,, values estimated from crack arrest 
determined from Equation 5 
2 
determined from Fig. 6 
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AKTH(0)        *W 
AK since
        o^y    - •w • 
From   the   above   condition,   it   can be   seen   that   threshold   is  more 
dependent   on  *s,A     rather   than   the   applied  alternating   stress   in- 
tensity   factor   AK.     To   illustrate   this   point,   it   is   seen   that when 
the   low  growth   rate   data   for   the   longitudinal   specimens   (V = -89) 
are  plotted versus  K^AY   (see  Fig.   7),   the  data  at all  R ratios 
converge   to  a   common  IC of   approximately  5  MPa/iTi.     By   compari- 
son,   a  value   of 4.7 MPa/m   (corresponding   to  R = 0)   for   the   longi- 
tudinal  material   is   found   from Figure   6. 
Another  relationship  has  been  proposed which  assumes   that 
the   threshold value  corresponds  to a  constant  crack  opening  dis- 
placement  range  which   is   independent   of mean   stress   [ll];   the 
resulting  relationship has   the   form 
^TH =     ITi    •    AKTH(0) (5) 
Using  AIC,T,/nN   values  determined   from Figure   6,   AK       values  calcu- 
lated  from Equation 5  are  presented  in  Table  3.     With   the exception 
of   the  high R value  longitudinal  data,   there   seems   to be  relatively 
good  agreement  between   the   AK™,, value   thus   computed  and   the   AK„,, 
determined   from  testing.     It  should be  noted   that not all  the  AK™, 
values  presented  in  Table  3  are valid  and   therefore,   no   firm con- 
clusion  as   to   the  applicability  of Equation 5   can be  made. 
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The threshold data for the extruded and cast materials 
examined are now compared in Figure 8 with other wrought and cast 
aluminum alloys.  It is seen that at all R ratios, the threshold 
values for cast alloys are consistently higher than those reported 
for the wrought and extruded materials.  This behavior could result 
from the larger grains typically associated with cast microstruc- 
tures.  (Recall the reported beneficial influence of large-grained 
microstructures on crack growth resistance at low ^K levels [4,5].) 
With regard to the AF42 alloy, one may also postulate that com- 
bined shrinkage and entrapped gas induced porosity might influence 
threshold behavior.  In this connection, Clarke [39] has shown 
that void-like discontinuities can result in a decrease in fatigue 
crack growth rate under low AK conditions due to crack tip blunt- 
ing.  Thus, it is possible that pores can act to blunt the tip of 
a propagating fatigue crack and force the crack to reinitiate 
intermittently, thereby, resulting in early crack arrest at a 
higher stress intensity level. 
Finally, it should be noted that the highest AIC, values 
corresponded to the cast material which possessed the lowest frac- 
ture toughness values.  As noted below, the superior threshold 
behavior exhibited by the cast material is due to the combined 
influence of large grain sizes, lower yield strength [5,6] and 
beneficial influence of porosity at low AK.  The fact that this 
material exhibited the lowest toughness is probably due to the 
adverse influence of the shrinkage cavities and gas porosity at 
33 
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high stress intensity levels. 
Crack Closure 
Closure data were collected for all three materials tested 
during all phases of the fatigue crack propagation experiments. 
In general, the amount of closure decreased markedly from high 
values near AIL,,, to some intermediate closure level which remained 
constant at higher stress intensity levels (see Fig. 9a,b,c). 
This trend is similar to that seen in high strength steel and 
aluminum alloys [15,16] and has been previously reported [40]. 
For the longitudinal specimens, closure was observed at R 
ratios of 0.05, 0.1, 0.2 and 0.3.  No closure was observed in the 
tests conducted at R = 0.4, 0.5, 0.65 or 0.8.  Recall that the 
tests of R = 0.05, 0.2 and 0.3 correspond to high growth rate tests 
only, while at R = 0.1, closure was observed from threshold to 
final fracture.  The values of K  normalized by K^AY for the 
longitudinal specimens are presented in Figure 9a as a function 
of *v,Ay«  It is seen from this plot that for the R = 0.1 tests, 
K  /K^  approached 8570 when the crack arrested (i.e., at £K  ). 
With increasing K,Ay,   the closure ratio gradually decreased before 
reaching a constant value of approximately 207<> for K^AY values 
greater than 8.5 MPa/ m.  The data for the longitudinal specimens 
tested at R = 0.05 and 0.2 show similar trends. 
The closure data for the transverse specimens are shown in 
Figure 9b.  Only tests at R = 0.1 exhibited closure.  Again, 
K  /K^  reached approximately 857o at crack arrest, and decreased 
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with increasing K,AY  before establishing a constant value of 257, 
for lC<A,r values greater than 8 MPa/~m~. 
The cast material exhibited closure at R=0.1 in both low and 
high growth rate tests but only in the threshold (i.e., K decreas- 
ing) portion of the low growth rate tests at an R ratio of 0.5. 
No closure was observed at R=0.65 or 0.8.  The closure data for 
the cast material is presented in Figure 9c.  As before, K  /K^. 
reached a value of approximately 857= at crack arrest and decreased 
with increasing i\.AY to a constant value of 407, for \AAY  values 
greater than 7.5 MPa/~m". 
It is interesting to note that all materials reached a 
closure level of approximately 857, of maximum load when crack 
arrest took place.  As such, this accounts for the inability to 
attain sufficiently low growth rates needed for a A1C, determina- 
tion in the R = 0.1 tests.  If the plot in Figure 9a (longitudinal 
data) is extrapolated to K /K.  = 1, the associated K_A value 
is found to be approximately 4 MPa/m.   For this condition, the 
effective stress intensity factor range &1C,   (defined by 
K^  - K  ) would be zero and no fatigue crack tip damage would be 
expected.  This would define a threshold K condition.  Recall that 
the K^AY value determined from Figure 7 was approximately 5 MPa/"m7 
Using the plots in Figure 9a,b,c, the macroscopic growth rate 
data were normalized to ^K   with average values of closure for 
each material being used for this calculation.  For example, in 
Figure 9a, the longitudinal closure data were described by a 
39 
straight line from a K  /K   value of 807o at a K^.y of 5 MPavAln" 
to 207o at K, A  equals 8.5 MPa/~m.   The closure ratio was taken 
to be 20% for K, . ,r greater than 8.5 MPciym".  Figure 10 shows the 
>1AX 
plot of da/dN - AIv.FT7 for the transverse specimens for R ratios of 
0.1, 0.5, 0.65 and 0.8.  Note that only the data of R = 0.1 are 
modified by the AK^PP calculation in the extruded material since 
only tests at R=0.1 showed closure.  When the plot in Figure 10 
is compared to Figure 3b, it can be seen that the original spread 
in the data is closed at the intermediate AK levels.  This sug- 
gests that crack closure can account for mean stress effects at 
intermediate AK levels.  It can also be seen that at low AK levels, 
AK„   does not correlate the data at all.  The reasons for this 
are not clearly understood at tliis time.  It is possible that the 
closure measurements are unreliable in the threshold regime.  It 
is also possible that closure concepts involving AK are not 
operative in the threshold regime.  For example, it was shown 
'"previously (Fig. 7) that the threshold condition may be more de- 
pendent on the value of K^Ay rather than AK. 
High AK Levels 
From Figure 3a,b,c, it can be seen that da/dN values increase 
rapidly in the vicinity of final fracture and the deviation in 
log-linear behavior, which corresponds to the onset of the stage 
III FCP regime (see Fig. 1), occurs at progressively lower AK 
levels with increasing R value.  These trends have been observed 
in many other alloys [2,3,41] and are believed to be the result of 
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K approaching the fracture toughness of the material; greater 
amounts of local crack instabilities and greater material damage 
would be expected in this AK regime during each loading cycle. 
Metallography and Fractography 
Macroscopic Observations 
Figure 11 shows the fatigue fracture surfaces of some high 
growth rate (thick) specimens.  The longitudinal specimen (L-T) 
has a relatively smooth fracture surface while the transverse 
specimen (T-L) has a rougher fracture surface containing ridges 
which run parallel to the crack propagation direction.  These 
ridges reflect the grain alignment in the extruded material.  Cast 
specimens have a very rough, rocky appearance which reflects the 
relatively large equiaxed grain structure.  From the fracture 
surface appearance and the closure data given in Figure 9a,b,c, a 
correlation is seen between increased surface roughness and in- 
creased closure levels.  The rough fracture surface of the cast 
specimens produced a constant closure ratio of 407» at high K_AY 
values while the corresponding closure ratio of the smooth longi- 
tudinal fracture surface was only 20%. 
In low growth rate (thin specimen) tests, dark oxide-like 
debris was seen in all materials near the threshold regime.  This 
phenomenon has been observed in steels during fatigue threshold 
tests at low R ratios [42-47].  It is believed that this excep- 
tional oxide buildup is the result of pronounced fretting caused 
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by large crack closure effects in the threshold regime.  Figure 12 
shows longitudinal low growth rate specimens at R ratios of 0.1, 
0.5 and 0.8.  The amount of oxide buildup is greatest in the 
vicinity of AK^..  Note, however, that debris accumulation de- 
nt 
creases with increasing R ratio.  The transverse and cast low 
growth rate specimens exhibited the same behavior.  The increasing 
amount of oxide debris formation with decreasing R ratio is con- 
sistent with increasing amounts of crack closure and associated 
fracture surface fretting.  Furthermore, the amount of debris 
formation in these three materials at high K^AY values is consist- 
ent with the closure results shown in Figure 9a,b,c.  That is, no 
oxide buildup was seen on the fatigue fracture surfaces of the 
extruded high growth rate specimens (Knp/\.AY = 207o) .  By contrast, 
small patches of oxide buildup were noticed in the high growth rate 
cast material specimens (Knp/K^AY = 40%) when a replica was stripped 
off the surface [see Fig. 13].  This reflects the fact that some 
local areas on the fracture surfaces which contained high spots, 
remained in contact longer and resulted in some oxide formation 
through localized abrasion [48].  Since the cast material possesses 
the most surface roughness, it is not surprising that the cast alloy 
was the only material to exhibit this oxide formation in the high 
growth rate specimens and to possess the highest crack closure 
levels . 
Microscopic Observations-Threshold Regime 
The threshold regime for all three materials at R ratios of 
44 
R = 0.1 R = 0.5 R = 0. 
Figure 12.  Low growth rate fracture surfaces showing oxide 
debris at threshold.  The marker band on specimen 
shows location of threshold. 
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4.5 x 
Figure 13.  Replica from a cast high growth rate sample showing 
localized oxide accumulation. 
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0.1, 0.5 and 0.8 were examined using replica techniques in a trans- 
mission electron microscope.  Typical surface features for the 
extruded and cast alloy are shown in Figure 14 and 15, respectively. 
In general, the threshold surface took on a highly faceted, cleav- 
age-like appearance as was expected from previous studies of other 
aluminum alloys [26].  There seemed to be no effect of R ratio on 
fracture surface features in the threshold regime and surprisingly, 
no obvious difference was noted between the surface features of the 
transverse and longitudinally orientated extruded material.  Sev- 
eral areas showing abrasion (Fig. 16) and fretting (Fig. 17) were 
seen.  It is believed that these areas correspond to regions where 
oxide buildup was seen macroscopically.  During replication, most 
of the oxide adhered to the replica tape.  Figure 18 shows how the 
oxide on the replica seems to be concentrated around the fretted 
regions.   Finally, the amount of these abraided and fretted areas 
decreased with increasing R value and is consistent with the ob- 
servation that less oxide buildup was seen as the R ratio in- 
creased. 
Fatigue striations:  Fatigue striation spacing measurements 
were made as described in Experimental Procedures in order to 
determine the microscopic growth rates.  All three materials were 
examined at R ratios of 0.1, 0.5 and 0.8.   Striations were seen 
-5 -3 
at growth rates from approximately 3 x 10   to beyond 1 x 10 
mm/cycle.  In general, the extruded material revealed small 
patches of striations at low growth rates (approximately 3x 10 
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T   -   L 
R = 0.1 
3|j,m 
da 
dN 
=4.1  MPa /m 
=   9.4   x  10       mm/cycle 
Figure  14.     Electron  fractograph   showing crisp   facets   in   the 
threshold  regime   of   the  extruded  alloy. 
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CAST 
R  -  0.1 da dN 
10|j,m 
=4.9  MPa /m 
= 3  x 10 •7 mm /cycle 
Figure 15. Electron fractograph showing crisp facets with a 
cleavage-like appearance in the threshold regime 
of   the   cast  alloy. 
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l^m 
L - T 
R = 0.1 da 
dN 
= 4.3 MPa /i m 
9.1 x 10  nun/cycle 
Figure 16.  Electron fractograph showing abrasion in the 
threshold regime. 
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L  -   T 
R  =  0.1 
AK 
da 
dN 
=4.3 MPa 
l\j.m 
m 
9-1   x  10       mm/cycle 
Figure   17.     Electron   fractograph   showing   fretted   surface 
appearance   seen   in   the   threshold  regime. 
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3y.m 
T 
R 
L 
0.1 
4K 
da 
dN 
=4.1 MPa 'm 
- 9.4 x 10 mm/cycle 
Figure 18.  Electron fractograph revealing oxide accumulation 
associated with fretted surface regions. 
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mm/cycle), a totally striated surface at intermediate growth rates, 
and again, small patches of striations at high growth rates (Fig. 
19a,b,c).  The cast material proved to be very difficult to repli- 
cate because of its rough surface.  In many cases, the replica did 
not adhere to the jagged fracture surface, or it ripped apart upon 
removal from the surface.  Striations on the cast replicas always 
appeared in patches.  The observation of striation patches in all 
materials examined is believed to be due to striation formation 
sensitivity to the grain orientation of the material; that is, 
striations would be expected to form only on planes favorably 
orientated for striation formation. 
The microscopic growth rates, as determined from stria- 
tion spacings, correlate fairly well with the macroscopic data 
(Fig. 20).  This is surprising since the macroscopic slope of the 
da/dN - /\K plot is approximately 3 while Bates and Clark determined 
a striation spacing-AK slope of approximately 2 [28].  When stria- 
tion spacing data are plotted versus AK, the plots show the same 
trends as the macroscopic data.  Comparing Figure 21a, 22a, 23a 
with Figure 3a,b,c, it is seen that the data for R = 0.5 and 0.8, 
for each material, lies together while the data for R = 0.1 are 
shifted to the right.  When the striation spacing data are plotted 
versus AK_„  (where AK^-p^ is calculated as described earlier using 
Fig. 6a,b,c) a better correlation between the data is seen (Fig. 
AK
 ~ 
KMAX_KMIN 
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L   -   T 
R  =  0.1 da 
dN 
0.5[.iin  
7 . 4  MPa /in 
4.4  x  10       mm/cycle 
Figure   19.     Typical   striati on  appearance   at various   growth 
-5 
rates.      (a)   da/dN ~   10      mm/cycle 
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L - T 
R = 0.1 da 
dN 
lOu-m " 
16.1 MPa m 
6.6 x 10  mm/cycle 
Figure 19.  (b) da/dN ~ lo"4 mm/cycle. 
55 
2[j.m 
L  -T 
R   =  0.1 da 
dN 
27 MPa /i m 
-3 ■3.2  x  10       mm/cycle 
Figure   19.      (c)   da/dN ~   10'3  mm/cycle, 
56 
10 -2 FATIGUE CRACK PROPAGATION 
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Figure  20. Agreement between  macroscopic  and microscopic   fatigue 
crack  growth  rates   in   longitudinal   orientation  extruded 
alloy.     Mean  and   standard  deviations   of   striation 
spacing  data  are   indicated. 
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21a ,b-22a ,b).  This improvement in fit between the data for differ- 
ent R values can be described statistically using the correlation 
coefficient r which quantifies how well the data fit a least 
squares straight line (a perfect fit corresponds to r=l).  Table 
4 shows the correlation coefficient r calculated for striation 
spacing-AK plots.  It is seen that the plot of striation spacing 
versus Alyp„ results in a slightly higher r value.  These correla- 
tion coefficients were statistically tested to see if a significant 
difference existed between the r values found using AK versus AK-p^p 
and it was discovered that a significant difference did, in fact, 
exist in all cases except for the longitudinal data.  This is to 
be expected since this material had the lowest amount of crack 
closure and hence differences between £*K  and AKppp would be 
smallest.  In contrast, note that the cast material, which possesses 
the greatest amount of crack closure, shows the largest crack 
closure correction influence.  In general, Table 4 shows that, for 
the materials examined, crack closure corrections can be used to 
improve striation spacing correlations with the stress intensity 
factor range.  This finding is consistent with results reported 
previously [29]. 
Transition examination:  Fracture surface micromorphology was 
examined at AK's corresponding to slope changes in the macroscopic 
da/dN - AK plots.  The extruded material exhibited three slope 
changes and these have been labeled as shown in Figure 24.  The 
transition from stage I to stage Ila appears to coincide with a 
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TABLE  4 
Correlation  Coefficients   r 
;FF ST.SP.   vs   AK ST.SP.   vs   AK^FF 
L-T R = 0.1, 0.5, 0.1 
T-L R = 0.1, 0.5, O.i 
Cast     R   = 0.1,   0.5,   0.1 
.9826 .9944 
.9655 .9914 
.7156 .9056 
65 
AK TH 
Log      AK 
Figure 24.  Diagram showing 4 regimes of FCP behavior as exhibited 
by extruded alloy. 
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micromechanism change from broad faceted areas (Fig. 25a) to 
rough, blocky, faceted areas (Fig. 25b).  Table 5 lists, for 
several R values, the AK range associated with the slope change 
on the da/dN - AK plot (macro) and the AK range associated with the 
fracture surface micromorphology change (micro).  Examining Table 
5, it can be seen that the AK values associated with this transi- 
tion vary greatly with changing R values but that K^  values do 
not show as great a variation.  This suggests that this transition 
is K^AYJ rather than AK, controlled.  This finding parallels the 
observation made earlier that threshold FCP behavior is more 
dependent on K^.  than on AK. 
To determine whether any correlation could be estab- 
lished between the crack tip plastic zone at the observed transi- 
tions and the size of a microstructural unit, metallographic 
studies were undertaken.  The extruded microstrueture is shown in 
Figure 26.  Due to the aligned nature of the micros trueture, a 
simple grain size measurement cannot be made.  On the extrusion 
plane, the strings of inclusions lie about 80 uan apart while on 
the longitudinal plane, the inclusions lie about 15 ^m apart.  In 
the extrusion direction, the aligned grains are orders of magnitude 
greater in length.  In addition, the extruded material possesses 
an equiaxed subgrain structure as shown in Figure 27.  The size of 
these subgrains are approximately 12 u,m. 
Since the stage I to stage Ila transition appears to 
depend on IT  , it follows that the monotonic plastic zone size 
67 
L - T 
R = 0.05 da 
dN 
2p,m  
6 MPa /m 
1 x 10   mm/cycle 
Figure 25 Electron fractographs of extruded alloy showing 
micromorphology change from stage I to stage II. 
(a) broad facets seen in stage I. 
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L - T 
R = 0.05 
AK 
da 
dN 
= 7.1 MPa 
2y.m 
m 
- 2.5 x 10   mm/cycle 
Figure 25.  (b) rough, blocky facets seen in stage II. 
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AC 062/61 
Figure 26.  Extruded alloy micros trueture.  Arrow denotes 
extrusion direction. Marker band = 100 ^m. 
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460> 
Figure 27.  ^micrograph revealing subgrain structure 
extruded alloy. of 
72 
should be of importance.  From Table 5, the transition occurs at 
a frs1Ay of 6 - 8 MPa/"m which corresponds to a plane strain plastic 
zone size of 18 - 32 u,m.  In the longitudinal specimens,  the grain 
dimensions parallel and perpendicular to the crack propagation 
direction arc approximately 80 ^m and » 80 p,m, respectively. 
Correspondingly, the transverse specimen also exhibited a transi- 
tion at about the same K^AY value.  In this case though, the 
microstructural dimensions parallel and perpendicular to the FCP 
direction were » 80 ^m and 80 u,m, respectively.  A correlation 
between these microstructural dimensions or, for that matter, the 
12 u-m sub-grain dimension with the computed plane strain plastic 
zone size is not apparent.  On the other hand, it is possible that 
the relevant plastic zone size may be related to some multiple of 
the key microstructural dimension.  Further studies are clearly 
needed to understand the possible role of microstructure on this 
fracture mechanism transition. 
The transition from stage Ila to lib was seen to 
correlate with a micromechanism change from cleavage-like facets 
to striations (Fig. 28a,b).  Table 6 shows that this transition is 
dependent on AK rather than K^. .  Furthermore, the use of £IC 
leads to a more uniform determination of this transition point. 
Others have shown that the transition from facets to striations 
occurs when the reversed plastic zone size is approximately equal 
to some microstructural unit size [30-34].  The reversed plastic 
zone sizes as calculated from Equation 6 [49] are summarized in 
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L - T 
R = 0.1 
2p,m ■ 
AK = 5.6 MPa /m 
da _ ,     -6 
—  -  4 x 10   mm dN /cycle 
Figure 28.  Electron fractographs of extruded alloy showing 
micromorphology change from stage Ila to stage lib 
(a) faceted appearance seen in stage Ila. 
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L  -   T 
R  = 0.1 
2p.m 
AK 
da 
dN 
=8.2  MPa /m 
=   7.7   x   10       mm/cycle 
Figure   28.      (b)   striations   seen  in   stage   lib 
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Table 6. 
c AKEFF 
r   = 0.033 (—^ (6) 
y cr ys 
c 
where r   = reversed (cyclic) plastic zone size 
a       = material yield strength ys J b 
It is seen that the reversed plastic zone sizes range from 6 to 
15 urn.  From the previous discussion, the grain dimensions parallel 
and perpendicular to the advancing crack front are much longer than 
these computed values.  It is interesting to note, however, that 
the extruded material possesses a subgrain structure with a 
characteristic size of roughly 12 y.m (recall Fig. 27).  This sug- 
gests that the transition from facets to striations may well occur 
when the reversed plastic zone size is approximately equal to the 
subgrain size.  Studies of the dislocation sub-structure are needed 
to determine the role of these subgrain boundaries in the plastic 
deformation process before such a correlation can be clearly 
established. 
Only limited data were available to examine the stage 
lib to stage III transition since stage III was not always reached 
in the tests conducted.  At this transition, striations were no 
longer the predominate micromechanism observed.  Instead, micro- 
void coalescence and particle rupture were found to be the domi- 
nant micromechanisms.  From Table 7, it can be seen that there is 
less variation in the K^.  value than in the AK value associated 
with this transition from striated to unstable crack growth. 
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Thus the stage lib to stage 111 transition appears to be KwAY 
dependent.  This agrees with the findings that stage III FCP 
behavior is J\1AY dependent since K..y  approaches K  [2,28]. 
Again the monotonic plastic zone size was computed but no correla- 
tion with any microstructural unit could be made. 
The cast material's da/dN - [\K  plot revealed only two 
transitions (see Fig. 1) and these were examined using the scan- 
ning electron microscope due to the difficulty in replica prep- 
aration for the cast material.  The stage I to stage II transition 
on the da/dN - AK plot could not be correlated with any micro- 
mechanism transition but Table 8 reveals that the slope change 
seems more dependent on K^Ay than AK.  The stage II to stage III 
transition correlated with a micromechanism change from trans- 
granular to intergranular failure that had been previously reported 
for this alloy [50].  This transition occurred gradually with 
increasing AK.  Figure 29 shows a transition region where trans- 
granular failure is visible in the lower right corner of the 
picture and intergranular failure is seen in the remaining portions 
of the photographs.  Crack profile studies supported this mechanism 
transition from transgranular to intergranular as can be seen in 
Figure 30a,b.  From the data in Table 8, it can be seen that the 
stage II to stage III transition is probably K^AY controlled.  The 
cast microstructure is shown in Figure 31 and reveals an equiaxed 
grain structure with much porosity.  The average grain size is 
110 \j,m  which is at least an order of magnitude smaller than either 
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Figure 29.  Scanning electron fractograph showing transcrystalline 
to interCrystalline fracture transition associated 
with stage II to stage III transition in cast alloy. 
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31 Ox 
Figure 30.  Photomicrograph showing crack profiles of cast alloy, 
(a) transcrystalline fracture, 
(plated material at A) 
310x 
Figure 30.  (b) intercrystalline fracture 
(plated material at A) 
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AF42 
Figure   31.     Cast  alloy  micros trueture.     Marker  band   = 100  ^m. 
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the plane stress or plane strain plastic zone dimensions associated 
with the mechanism transition.  Thus, grain size does not appear 
to be the critical micro-structural dimension causing the Region II- 
III transition in this material. 
It should be emphasized that these transition examina- 
tions are preliminary in nature.  Trends in the observed data were 
noticed and an explanation for these trends was proposed. 
Additional work is obviously indicated to determine more clearly 
what micros truetural units actually control the transitions 
examined. 
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CONCLUSIONS 
From the results of this project, the following conclusions 
can be made for the cast and extruded aluminum alloys examined: 
(1) The extruded alloy exhibited no orientation effect on 
FCP resistance. 
(2) Mean stress effects have a major influence on FCP behavior 
in the threshold regime; as the R ratio increased, ^^v,, 
values decreased.  It was also seen that the threshold 
response is more dependent on K^AY than AK.  In addition, 
AK™, values for the cast alloy were consistently higher 
than values for the extruded alloy at comparable R values. 
(3) Crack closure, described by the ratio K /K^  , reached a 
maximum value in both alloys at threshold and then decreased 
zith increasing *v,» ; ^ p/K^.  then achieved a constant W] 
value with further increase in Kj^Ay.  This constant value 
at high K^AY is a function of fracture surface roughness; 
as the roughness increased, the constant closure percentage 
increased.  Crack closure was observed in the extruded 
alloys at R< 0.5 and in the cast alloy at R £ 0.5 . 
(4)  At intermediate &K. values, mean stress effects were seen 
at R <0.5 in both alloys.  The influence of this variable 
was accounted for in terms of the effective stress intensity 
factor range.  In addition, striation spacing data at various 
R ratios also revealed a better correlation when plotted 
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versus £Kprj, rather than £K. 
(5)  Changes in the slope of the da/dN - AK plot often correspond 
to a micromechanism change.  The transition from stage Ila 
to lib in the extruded material corresponded to a micro- 
mechanism change from faceted to striated growth.  This 
transition was seen to occur when the reversed plastic zone 
size was of the dimension of the subgrain dimension.  The 
cast material undergoes a transgranular to intergranular 
micromechanism change during the transition from Stage II 
to Stage III FCP behavior. 
APPENDIX A 
THE EFFECT OF REPLICA TILT ON SITUATION SPACING MEASUREMENTS 
When fatigue striation widths are measured at a given AK 
level, considerable scatter is usually encountered; striation 
width variations in a particular replica region, of a factor of 
two are not uncommon.  There are three possible explanations for 
this scatter:  variations in local crack growth rate due to metal- 
lurgical variations; changes in AK along the replica in the crack 
propagation direction; and striation width variations due to the 
nature of electron microscope imaging.  With regard to the third 
possibility, any deviation from 90 degrees in the angle of inci- 
dence between the electron beam and the striated area will result 
in a projected view and yield striation widths which are smaller 
than the actual striation spacing.  For example, if the replica 
is tilted 30  to the horizontal plane about an axis parallel to 
the fatigue striations which lie in that replica, the projected 
widths of the striations will be equal to the true striation 
width times the cosine of 30 .  Since the microscopic fracture 
surface contains many facets that are nonparallel to the macro- 
scopic FCP plane, projected views can occur even though the replica 
may be oriented nominally normal to the electron beam.  It was 
suggested that these projected views are the cause of additional 
scatter in the striation spacing data [53]. 
To Limit the amount of scatter due to facet orientation, 
striation spacing readings were taken using a rotating tilt 
holder in the goniometer stage.  Selected striation patches were 
first carefully oriented so that a line parallel to the striations 
would coincide with the axis of tilt.  The replica was then tilted 
using the goniometer.  It was expected that a maximum striation 
width would occur at some tilt angle on the goniometer other than 
0 .  This would occur when the tilt angle of the facet on the 
fracture surface was equal to the goniometer tilt angle but in the 
opposite direction.  At this point, the facet would be oriented 
perpendicular to the electron beam and thus present a true (and 
maximum) measurement of the striation width.  In fact, striation 
width maxima were always seen at about 0 goniometer tilt.  To 
more fully understand these findings, additional investigations 
concerning the effect of tilt on striation spacing were performed. 
Striation widths were measured at a tilt angle (9) of 0  and 
at + 3  increments up to a maximum tilt of + 45 .   An example of 
the results is given in Figure 1A which shows a plot of normalized 
striation spacing (i.e., striation spacing/striation spacing at 0 
tilt) versus tilt angle 8.  These data were then corrected for 
goniometer tilt projection using the following equation: 
OJ = —^-r (1A) 
o   cos 0 
where OJ     =   true  striation width  where   8=0 
o 
u:fl   =  projected   striation width 
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9  = tilt angle of replica. 
These corrected data are presented in Figure 2A.  The surprisingly 
good agreement noted in Figure 2A implies that all regions of the 
replica (i.e., all individual fracture facets) must have been 
oriented in the plane of the support grid.  However, metallo- 
graphic sections of these fatigue fracture surfaces revealed many 
microscopic facets oriented at angles as large as 50  from the 
macroscopic plane of fracture (see Fig. 3A).  Therefore, it is 
concluded that the thin carbon-film replica had collapsed on to 
the grid when the carbon film was removed from the acetone bath. 
In order to verify this hypothesis, a second set of replicas were 
prepared with approximately four times as much carbon deposited as 
compared with the initial set of replicas.  It was reasoned that 
fracture facets at various angles to the macroscopic fracture 
plane would be less likely to collapse onto the viewing grid when 
the replica thickness was greater.  When striation spacings for 
thick carbon replicas were plotted versus tilt angle, the projected 
striation widths were not the same at equal but opposite tilt 
angles (i.e., clockwise versus counterclockwise tilt rotations) 
(see Fig. 4A).  In addition, the projected width value could not 
be normalized relative to the zero tilt values with Equation LA 
(Fig. 5A).  Therefore, it is concluded that these individual 
facets were not inclined at zero tilt when the grid was normal to 
the electron beam but, rather, inclined at some initial angle cp. 
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160x 
Figure 3A. Fatigue crack profile showing large angle variation 
from macroscopic plane of fracture.  Included 
angle ~ 50 . 
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Consequently,   the   true   tilt   of  a   facet  plane   relative   to   the   elec- 
tron beam  should  be   the   sum   of   the   replica   tilt   (goniometer)   and 
the   tilt   of   the   facet  relative   to   the  macroscopic   fracture   plane, 
or   9   + cp. 
To   determine   the   initial   facet   tilt  angle cp,   the   following 
equation was   used: 
^TILT 
cos(6 + cp) 
U) 
 o  
cos ( + cp ) 
= 1 
For heavy-carbon  coated  replicas,   the average   fracture   facet   incli- 
nation  angle cp   from 9  different  regions   in  the  replica was   5.3   . 
By   comparison,   the   normal   carbon   thickness   replicas  yielded  an 
average  cp  angle   of   2   .      These  results   show   that   the   tendency   for 
carbon  replica   collapse   onto   the  grid   increases with  decreasing 
carbon   thickness  but   that both   sets   of  replicas  collapse   to  a 
large  degree.     Since   the   cosine   of 5.3     =   .996,   only  a minimum 
error  can result   from projected views.     When  the  data   in Figure  5A 
are  recalculated   using  a  9   and cp  angle  correction,   it   is   seen   that 
the  projected   striation widths  are normalized. 
Therefore,   it  is   seen  that replicas  containing  an  array  of 
fatigue  fracture   facets  collapse  onto   the  grid  even when  the  car- 
bon replica  thickness   is   great.     Thus,   the  scatter   in  striation 
data  due   to replica   tilt and  associated  projected views   leads   to a 
very  small  error.     In  addition,   the   7%  change   in  AK across   the 
replica  would  result   in  a   striation   spacing  variation  of  no more 
96 
than 157..  In fact however, a factor of two difference in striation 
-spacings taken from the same replica is not uncommon.  Consequently, 
it can be concluded that the striation spacing differences within a 
given replica region are due primarily to metallurgical factors 
such as grain orientation variations and inclusion distributi Lon, 
97 
REFERENCES 
1. Paris, P. C, "Fatigue--An Interdisciplinary Approach," 
Syracuse University fress, Syracuse, 1964, p. 107. 
2. Forman, R. G., Kearney, V. E. and Engle, R. M., J. Basic 
Engr. Trans. , ASME, Vol. 89, 1967, p. 459. 
3. Ritchie, R. 0., J. Eng. Mater. Tech., ASME, Vol. 99, 1977, 
p. 195. 
4. Robinson, J. L. and Beevers, C. J., Metal Science, Vol. 7, 
1973, p. 153. 
5. Masaunave, J. and Baflon, J. P., Scripta Metallurgica, Vol. 
10, 19 76, p. 165. 
6. Ritchie, R. 0., Fracture 19 77, Vol. 2, ICF 4, Waterloo, 
Canada, June 1977, p. 1325. 
7. Saxena, A. and Hudak, S. J., Jr., Int. J. Fract., Vol. 14, 
No. 5, 1978, p. 453. 
8. Paris, P. C.} Bucci, R. J., Wessel, E. T., Clark, W. G., Jr. 
and Mager, T. R., ASTM STP 513, 1972, p. 141. 
9. Bathais, C, Fracture 1977, Vol. 2, ICF 4, Waterloo, Canada, 
June 1977, p. 1307. 
10. Chu, H. P., ASTM STP 559, 1974, p. 245. 
11. McEvily, A. J. and Groeger, J., Fracture 19 77, Vol. 2, ICF 4. 
Waterloo, Canada, June 197 7, p. 1293. 
12. Elber, W., Eng. Fracture Mech■, Vol. 2, 1970, p. 37. 
98 
13. Elbcr, W., ASTM STP 486, 1971, p. 230. 
14. Hertzberg, R. W., "Deformation and Fracture Mechanics of 
Engineering Materials," John Wiley & Sons, New York, 1976. 
15. Vazquez, J. A., Morrone, A. and Ernst, H., Eng. Fracture 
Mech. , Vol. 12, 1979, p. 231. 
16. Vazquez, J. A., Morrone, A. and Gasco, J. C, ASTM STP 677, 
1979, p. 187. 
17. Boutle, N. F. and Dover, W. D., Fracture 1977, Vol. 2, 
ICF 4, Waterloo, Canada, June 1977, p. 1065. 
18. Shih, T. T. and Wei, R. P., Eng. Fracture Mech., Vol. 6, 
1974, p. 19. 
19. Katcher, M. and Kaplin, M., ASTM STP 559, 1974, p. 264. 
20. Chu, H. P., Trans. Quart. ASM, Vol. 62, No. 2, 1974, p. 380. 
21. Clerivet, A. and Bathais, C, Eng. Fracture Mech., Vol. 12, 
1979, p. 599. 
22. Brown, R. D. and Weertman, J., Eng. Fracture Mech., Vol. 10, 
1978, p. 757. 
23. Lindley, T. C. and Richards, C. E., Mater. Sci. and Eng., 
Vol. 14, 1974, p. 281. 
24. Robin, C, Dominiak, S. and Pluvinage, G., Mater. Sci. and 
Eng., Vol. 29, 1977, p. 145. 
25. Jones, J. W., Macha, D. E., Corbly, D. M., Int. J. of Fract., 
Vol. 14, 1978, p. 25. 
26. Hertzberg, R. W. and Mills, W. J., ASTM STP 600, 1976, 
p. 220. 
99 
27. Hcrtzberg, R. W., Ph.D. thesis, Lehigh University, 1965. 
28. Bates, R. C. and Clark, W. G. Jr., Trans . Quart. ASM, Vol. 
62, 1969, p. 380. 
29. Hertzberg, R. W. and von Euw, E. F. J., Met. Trans . , Vol. 4, 
1973, p. 887. 
30-  Yoder, G. R., Cooley, L. A. and Crooker, T. W., Proc. 2nd 
Int. Conf. Mech. Beh. of Mater., ASM, Metals Park, Ohio, 
1976, p. 1010. 
31. Yoder, G. R., Cooley, L. A. and Crooker, T. W., J. Eng. 
Mater. Tech., Vol. 99, 1977, p. 313. 
32. Yoder, G. R., Cooley, L. A. and Crooker, T. W., Met. Trans. , 
Vol. 9A, 1978, p. 1413. 
33. Yoder, G. R., Cooley, L. A. and Crooker, T. W., Eng. Fract. 
Mech., Vol. 11, 1979, p. 805. 
34. Gerberich, W. W. and Moody, N. R., ASTM STP 6 75, 1979, p. 
292. 
35. Saxena, A., Hudak, S. J., Jr.,  Donald, J. K. and Schmidt, 
D. W., J. Testing and Eval., Vol. 6, 1978, p. 167. 
36-  Donald, J. K. and Schmidt, D. W., J. Testing and Eval., Vol. 
8, 1980, p. 19. 
37. Klesnil, M. and Lukas, P.,   Eng. Fract. Mech., Vol. 4, 
1972, p. 77. 
38. Cooke, R. J., Irving, P. E., Booth, C. S. and Beeves, C. J. 
Eng. Fract. Mech., Vol. 7, 1975, p. 69. 
100 
39. Clark, W. G., Jr., ASTM STP 67 7, 1979, p. 303- 
40. Hertzbcrg, R. W., Miller, G., Donald, K., Stofanak, R. 
and Jaccard, R., preprint 1GF5, 5th International Con- 
ference on Fracture, March 29 to April 3, 1981, Cannes, 
France. 
41. Pearson, S., Eng. Fract. Mech., Vol. 4, 1972, p. 9 
42. Cooke, R. J. and Beeves, C. J., Mater. Sci. Eng., Vol. 13 
1974, p. 201. 
43. Cooke, R. J., Irving, P. E., Booth, G. S. and Beeves, C. J., 
Eng. Fract. Mech., Vol. 7, 1975, p. 69 
44. Tu, L. H. L. and Seth, B. B., J. of Test, and Eval. , Vol. 6, 
1978, p. 66. 
45. Ritchie, R. 0., Surech, S. and Toplosky, J., M.I.T. Fatigue 
and Plasticity Laboratory Report No. FPL/R/80/1030. 
46. Surech, S., Zamiski, G. F. and Ritchie, R. 0., M.I.T. Fatigue 
and Plasticity Laboratory Report No. FPL/R/80/1036, Nov., 1980. 
47. Ritchie, R. 0., Surech, S. and Moss, C. M., J. of Engr. 
Mater, and Tech., Vol. 102, 1980, p. 293. 
48. Bowles, C. Q., Delft Prog. Rep., Vol. 3, 1978, p. 304. 
49. Hahn, G. T., Hoagland, R. G. and Rosenfield,' A. R., Met. Trans., 
Vol. 3, 1972, p. 1189. 
50. Leupp , J., "Rissfortschritt in Aluminum - Kupfer - Gussleg- 
ierungen," Swiss Aluminum Ltd. Report No. 3211/78, 1979. 
101 
51. Schmidt R. A. and Paris, P. C, ASTM STP 536, 1973, p. 79 
52. Bucci, R. J., ALCOA report No. 57-79-14, 1979. 
53. Underwood, E. E. and Starke, E. A., Jr., ASTM STP 675. 1979, 
p. 633. 
102 
VITA 
Raymond Joseph Stofanak was born January 12, 1957 in Bethle- 
hem, Pennsylvania to Mr. and Mrs. Raymond Fabian Stofanak.  He 
received his secondary education at Bethlehem Catholic High 
School in Bethlehem, Pa.  In the fall of 1975 he entered Lehigh 
University and was awarded a Bachelor of Science Degree in 
Mechanical Engineering with high honors in June 1979.  While at 
the University, he was elected to Phi Eta Sigma, Pi Tau Sigma, 
and Tau Beta Pi, national honor societies and was on the Dean's 
List.  Since July 1979, he has been a Research Assistant in the 
Department of Metallurgy and Materials Engineering at Lehigh 
University. 
103 
